Abstract The ability to reach and "grasp" (grip or touch) structures for support in reaction to instability is an important element of the postural repertoire. It is unclear, however, how the central nervous system (CNS) resolves the potential conflict between holding an object and the need to release the held object and grasp alternative support, particularly if the held object is perceived to be relevant to the task of stabilizing the body, e.g. an assistive device. This study examined whether compensatory grasping is inhibited when holding an object, and whether the influence differs when holding an assistive device (cane) versus a task-irrelevant object (top handle portion of a cane). We also investigated the influence of preloading the assistive device, to determine whether conflicting demands for arm-muscle activation (requiring disengagement of ongoing agonist or antagonist activity) would influence the inhibition of compensatory grasping. Unpredictable forward and backward platform translations were used to evoke the balancing reactions in 16 healthy young adults. A handrail was mounted to the right and foot motion was constrained by barriers, with the intent that successful balance recovery would (in large-perturbation trials) require subjects to release the held object and contact the rail with the right hand. Results showed that grasping reactions were commonly used to recover equilibrium when the hand was free (rail contact in 71% of large-perturbation trials). However, holding either the cane or canetop had a potent modulating effect: although early biceps activation was almost never inhibited completely (significant activity within 200 ms in 98% of trials), the average activation amplitude was attenuated by 30-64% and the average frequency of handrail contact was reduced by a factor of two or more. This reduced use of the rail occurred even though the consequence often involved falling against a safety harness or barriers. Handrail contact occurred least frequently when holding the cane during forward loss of balance: subjects persisted in pushing on the cane (failing to use the rail) in 93% of trials, even when the perturbations were too large to allow this strategy to be successful. Prior contraction (preloading the cane) did not influence any of these findings. Complex strategies (e.g. partial release of object) were often adopted to allow balance to be recovered without dropping the held object. Remarkably, it appears that the CNS may give priority to the ongoing task of holding an object, even when it has no stabilizing value (cane during backward falls) or any intrinsic value whatsoever (canetop).
Introduction
The ability to reach and "grasp" (grip or touch) external objects for support, in order to recover from loss of balance, is an important element of the postural repertoire. The prevalence and functional importance of these com-pensatory grasping reactions has been demonstrated in the laboratory Maki 1994, 1995; Maki and McIlroy 1997; Maki et al. 1998) and by video recordings of reactions occurring during naturally occurring falls and near-fall events (Archea 1979; Holliday et al. 1990; Connell 1995; Maki and McIlroy 1997) . Such studies have shown that the hand will often move rapidly toward the nearest source of support in response to loss of balance. The underlying muscle activation typically begins very early, within 80-140 ms of perturbation onset, yet the response is modulated to meet task demands, even when the perturbation is unexpected or unpredictable: the initial burst of electromyographic (EMG) activity is scaled to the magnitude of the perturbation and the earliest part of the hand trajectory is directed toward the nearest handhold Maki 1994, 1995; Maki and McIlroy 1997) .
It appears that instability, associated with aging or neurological impairment, leads to an increased tendency to rely on these arm reactions for stabilization Maki and McIlroy 1997; Maki et al. 2000) . Clutching and grabbing for objects is, in fact, one of the defining features of the "post-fall syndrome" (Murphy and Isaacs 1982) . It is common clinical practice to prescribe assistive devices, such as walkers or canes, for persons exhibiting balance impairment or loss of balance confidence. Such devices can provide overt mechanical stabilization, as well as haptic sensory information that can be used in stabilizing the body (Jeka 1997) ; however, a number of studies linking use of assistive devices to an increased risk of falling and injury suggest that such devices may actually jeopardize stability (Morse et al. 1987; Campbell et al. 1989; Mahoney 1994; Maki et al. 1994; Charron et al. 1995) . While some studies have indicated that stability may be adversely affected due to the attentional requirements of holding and manipulating the assistive device (Wright and Kemp 1992) , it is also possible that the capacity to rapidly reach for and touch or grip a more stable object for support may be compromised when holding an assistive device. Prior activation of the arm and hand muscles could potentially inhibit the initiation of the reach-and-grasp reaction; however, it is possible that the most significant factor is the perceived priority of holding the device, as defined by the contextual relevance. In other words, individuals may persist in holding an assistive device that is perceived to provide stabilization, in lieu of grasping a more stable handhold, even in situations where the device cannot provide the stabilization that is required.
The purpose of this study was to determine whether the initiation or execution of handrail reach-and-grasp reactions, in responding to unpredictable balance perturbation, is inhibited when holding an object. Of particular interest was the influence of the contextual (task-related) relevance of the held object, i.e. the effect of holding a stabilizing (task-relevant) object versus the effect of holding a nonstabilizing (task-irrelevant) object. The stabilizing (assistive device) object used in the study was a cane, and the handle portion ("canetop") was used as the non-stabilizing object. We also investigated the influence of conflicting demands for activation of the arm muscles, in the taskrelevant situation, by examining the effect of preloading the cane versus holding the cane with the arm relaxed. Barriers were used to prevent stepping reactions and thereby force reliance on compensatory grasping of a handrail. Our intention was to create a clear conflict in task demands: successful balance recovery would (in largeperturbation trials) require subjects to release the held object and contact the rail with the right hand, and failure to do this would cause the subject to fall against a safety harness or padded barriers.
It was hypothesized that the task of holding an object would tend to inhibit initiation of the compensatory grasping reaction, and that this effect would be exacerbated when the object was perceived to be relevant to the task of stabilizing the body (i.e. a cane). It was further hypothesized that conflicting demands for arm-muscle activation, requiring disengagement of ongoing agonist or antagonist activity (associated with prior loading of the cane), would further increase the tendency to inhibit compensatory grasping. It will be demonstrated that holding an object did, in fact, attenuate the early arm activation and had a profound inhibitory influence on the tendency to touch or grip a handrail for stabilization. Remarkably, the central nervous system (CNS) appeared to prioritize the ongoing task of holding an object, even when the object had no task-relevance and the potential consequence was to rely on a safety harness to prevent a fall.
Materials and methods

Subjects
The study involved 16 healthy young adults (23-34 years, average age 27; 8 males and 8 females; body mass 55-83 kg, average = 71 kg; height 162-187 cm, average = 175 cm). All were right-hand and right-leg dominant (as defined by the preferred limb for writing and kicking, respectively) and reported no neural, sensorimotor or musculoskeletal impairments, medical conditions or medication use affecting control of balance or limb movement. Limits were placed on subject height (158-188 cm) to match the adjustment range of the cane and handrail used in the study. Each subject provided written informed consent to comply with ethics approval granted by the institutional review board. None of the subjects had participated in any previous balance studies. The subjects appeared to be physically active and healthy: all but one reported that they engaged in 60 min or more of strenuous ("heart beats rapidly") or moderately strenuous physical activity each week, and all had scores of 95% or better for "physical functioning" on the MOS 36-item short-form health survey (Ware Jr. and Donald Sherbourne 1992) .
Protocol
Postural reactions were evoked by sudden forward or backward translation of a large-scale (2×2 m) computer-controlled movable platform on which the subject stood. For safety, subjects wore a harness which was designed to prevent any part of the body other than the feet from impacting the floor, without otherwise restricting movement or providing somatosensory feedback that could potentially aid in control of balance. The perturbations were applied unpredictably in terms of time of onset, direction and magnitude, to deter predictive responses. All perturbations comprised a 300 ms acceleration pulse (approximately square in waveform), followed by an equal and opposite deceleration pulse. Based on pilot tests, the large perturbation magnitudes were set at levels that would consistently require subjects to grasp the handrail or take a step to recover balance, even when using the cane (acceleration, peak velocity and displacement of 2.0 m/s 2 , 0.6 m/s and 0.18 m for forward translations, which evoke backward falling motion; 3.0 m/s 2 , 0.9 m/s and 0.27 m for backward translations, which evoke forward falling motion). To increase unpredictability and discourage pre-selection of a "default" balancerecovery strategy, smaller (medium magnitude) backward translations (2.0 m/s 2 , 0.6 m/s, 0.18 m) were also included. In these trials, it was possible to recover balance without stepping or grasping, particularly when using the cane to generate stabilizing force.
A handrail (35 mm in diameter, 200 cm in length) was mounted on the platform, to the right of the subject. The height of the rail center-line was set to 55% of the subject's body height, corresponding approximately to the height of the anterior superior iliac spine on the pelvis (Winter 1979) . The lateral distance between the rail center-line and the midline of the subject's body was set to 20% of the subject's body height, corresponding approximately to the preferred lateral position when using a handrail during stair descent (Maki et al. 1984) . Subjects stood in a standard position (14°a ngle between medial foot margins, heel-center spacing = 11% of body height; McIlroy and Maki 1997) at the start of each trial. In order to prevent stepping reactions, barriers (cardboard boxes filled with Styrofoam chips and padded, on the top surface, with foam rubber) were placed immediately in front of, behind and lateral to the feet (see Fig. 1 ). For safety, the barriers were affixed in such a way as to release if kicked vigorously with either foot. Subjects were Fig. 1 Schematic drawing and photograph showing the perturbation platform and associated instrumentation, the position of the subject and cane, the location of the handrail, and the location and approximate size of the barriers used to constrain forward, backward and lateral foot motion (the lateral barriers are not shown in the schematic drawing, in order to display the location of the feet and cane) Fig. 2 Photographs illustrating the pre-perturbation posture of the subject and positioning of the held object, for the task conditions in which both hands were free (A), the canetop was held in the right hand (B), or the cane was held in the right hand (C) or left hand (D). The same cane positioning was used in trials where the cane was unloaded or preloaded (10% of body weight) prior to perturbation onset asked to bring closed-toe walking shoes (heel height no more than 2 cm), which were worn to protect the feet against injury (i.e. due to contact with the barriers and/or cane). Five held-object task conditions were tested: (1) both hands free (no-object), (2) unloaded cane held in right hand (unloaded-caneright), (3) cane held and preloaded using the right hand (preloadedcane-right), (4) cane held and preloaded using the left hand (preloaded-cane-left) and (5) canetop held in right hand (canetopright). The canetop was the handle portion of a disassembled cane, similar to the handle of the cane used in the other task conditions (see Fig. 2 ). Subjects were instructed to wrap the fingers around the handle of the cane or canetop, maintaining a relaxed grip. When not holding an object, the fingers were held in a similar posture, forming a relaxed fist with the thumb "on top", and the arm was allowed to hang relaxed at the side of the body. The height of the cane was adjusted so that the top of the handle was aligned with the ulnar styloid process when the arm was relaxed at the side, resulting in slight flexion of the elbow when the cane was held vertically, as per common clinical practice (Smidt 1990) . At the start of each cane trial, the tip of the cane was positioned immediately anterior and lateral with respect to the toes (see Figs. 1, 2), and the subject was instructed to hold the cane vertically at this position. The arm was similarly positioned when holding the canetop. In the preloaded cane tasks, the subject was instructed to maintain an axial force of approximately 10% of body weight on the cane prior to perturbation onset (approximating typical loading levels reported in the mobilityaid literature; Bateni and Maki 2004) , without altering the posture of the body (i.e. without "leaning" on the cane or hyperextending the elbow). The cane was instrumented with a load cell which was used to monitor the preloading (subjects were given verbal instructions to adjust the cane loading if the applied force deviated by more than ±5% of body weight from the target level). Subjects were allowed to practice the cane-loading task prior to the start of the experiment, and were all well able to maintain the desired preloading, with minimal verbal feedback from the experimenter, in the experimental trials.
The barriers, as described above, were used to prevent stepping reactions in order to create a clear conflict in task demands. The intention was that successful balance recovery, for the large perturbations, would require the subject to release the held object and contact the handrail, and that failure to do this would cause the subject to fall against the safety harness and/or padded barriers. Subjects were instructed to try not to move their feet but were told to otherwise "do whatever comes naturally to prevent yourself from falling". They were also instructed to hold their final position, after recovering balance, for approximately 2 s before moving back to the starting position for the next trial. Prior to the start of each trial, subjects were instructed to look straight ahead at a visual target (mounted on the platform at eye level, 1.3 m from the subject). To deter subjects from preplanning aspects of their postural reactions, attempting to predict timing or other characteristics of the forthcoming perturbation or employing proactive strategies such as leaning (Horak and Moore 1993; Sinha and Maki 1996) , they performed a distraction task (counting backward by 3's, starting at a randomly selected number) prior to onset of platform motion.
Four blocks of trials were performed, each block comprising 15 trials: three types of perturbations (medium and large backward platform translations, large forward translations) administered during each of the five task conditions (no-object, loaded-caneleft, canetop-right, unloaded-cane-right, loaded-cane-right), in random order. An initial trial block allowed the subjects to experience the platform perturbations and become familiar with the procedures prior to starting the main experiment; this initial block of trials was not included in the analysis. In total, each subject was required to stand on the moving platform for approximately 90 min. Seated rest breaks (5-10 min in duration) were given every 15-20 min.
Measurements and analysis
Five high-resolution video cameras (shuttered at 1/500 s) were mounted above the perturbation platform (one at each corner, plus one directly over the handrail). Video recordings from these cameras were used to determine whether the right hand contacted the handrail and whether the held object was released prior to rail contact. The video recordings were also used to determine whether the subject fell on top of the padded barriers (impact with the knees, buttocks or upper body), and to document any other overt movements that could affect balance recovery (e.g. foot movements, use of the left hand to touch or grip the handrail, flexing at the hip, rocking on the heels, rising onto the toes). The coding of the videos was performed by a Research Assistant who was blinded to the experimental hypotheses. A load cell was used to determine whether a substantive level of support (>5% of body weight) was provided by the safety harness. The load cell mounted on the cane was used to determine the peak axial load applied during a 1-s interval after perturbation onset, as well as the level of pre-perturbation loading.
Bipolar surface EMG electrodes were used to record activity in the right biceps brachii muscle, as well as the right anterior deltoid. The EMG signals were bandpass filtered (10-500 Hz) prior to sampling at a rate of 1,000 Hz. Muscle activation was defined to occur if the average rectified amplitude exceeded the pre-perturbation baseline activity level (determined over a 100-ms interval prior to perturbation onset) by at least three standard deviations for an interval of at least 20 ms. To characterize the early activation, the average amplitude of the rectified biceps EMG signal was determined over the first 200 ms following perturbation onset. Perturbation onset was defined to occur when antero-posterior platform acceleration exceeded 0.1 m/s 2 , as recorded by an accelerometer mounted on the platform.
The analysis focussed on the reactions evoked by the largemagnitude platform translations. Repeated measures analysis of variance (ANOVA) was used to analyze the effect of the held object on the primary dependant variables: frequency of handrail contact with the right hand, frequency of release of the held object, and amplitude of the early biceps activation. Platform translation direction (forward or backward) was included as a factor in each analysis. Where necessary, rank transformations were used to normalize the data and/or stabilize the variance, prior to performing each ANOVA (Conover and Iman 1981) . Findings of a significant main effect due to task condition were followed by multiple comparisons, performed using Tukey's Studentized Range test, to determine which means were significantly different. For all analyses, the criterion for statistical significance was alpha = 0.05. The protocol was designed to provide a total of 640 trials for the analysis (16 subjects × 5 task conditions × 2 perturbation directions × 4 blocks); however, it should be noted that there was a small variation in the actual number of trials tested for each task condition (128 no-object, 128 preloaded-cane-left, 132 preloaded-cane-right, 125 unloaded-cane-right, 127 canetop-right).
Results
Right-hand grasping reactions were commonly used to recover balance when the right hand was free (rail contacted in 71% of no-object and cane-left trials, 182/256); however, holding an object in the right hand had a potent modulating effect (Fig. 3) . In reacting to backward loss of balance, subjects contacted the rail with the right hand in only 42% (27/64) of canetop-right trials and 36% (46/128) of cane-right trials. For forward loss of balance, the rail was contacted with the right hand in just 19% (12/63) of canetop-right trials and only 7% (9/129) of cane-right trials. ANOVA revealed a highly statistically significant effect due to the held-object task condition (F (4,60) =24.8; p<0.0001), and the tendency to contact the rail more frequently during backward, versus forward, loss of balance was also statistically significant (F (1,15) =14.3; p=0.002). Multiple comparisons (p<0.05) confirmed that the frequency of handrail-contact with the right hand was reduced when that hand held either a cane or a canetop, relative to trials in which no object was held or the cane was held in the left hand. Whether or not the cane was preloaded, prior to perturbation onset, had no significant effect. Although there was some variation between subjects, the majority behaved in a similar manner, tending to use the handrail when the right hand was free (contact in >68% of trials for 11 of 16 subjects) and to avoid rail contact when holding the cane or canetop in the right hand (contact in <33% of trials for 11 of 16 subjects).
Subjects released and dropped the cane or canetop from the right hand prior to contacting the rail with that hand in 39% of cases (i.e. in 37 of 94 unloaded-cane-right, preloaded-cane-right and canetop-right right-contact trials). More commonly, however, subjects released the held object partially, freeing one to three fingers to contact the rail (61% of cases, 57/94). An example of a partialrelease grip is shown in Fig. 4 . The frequency of partial versus full release (prior to rail contact) was not dependent on the held object (unloaded-cane versus preloaded-cane versus canetop; F (2,14) =1.45; p=0.27) or the direction of the perturbation (F (1,5) =0.07; p=0.81). Four subjects who never contacted the rail in these task conditions were excluded from the above analyses. Of the remaining 12 subjects, only two subjects consistently exhibited full release of the held object (90-95% of right-contact trials); the other ten subjects fully released the held object in 50% or less of right-contact trials.
As noted above, the frequency of rail contact was particularly low when using the cane during forward lossof-balance trials (supported by an apparent trend toward a significant task-direction interaction; F (4,60) =2.3, p=0.07). The increased inhibition under these conditions was apparently related to the tendency to attempt to recover equilibrium by pushing on the cane. As illustrated by the example data shown in Fig. 5 , there was typically an increase in cane loading, subsequent to perturbation onset, when falling forward, regardless of whether or not the cane was preloaded prior to perturbation onset. Subjects commonly persisted in trying to use the cane to recover balance, during forward loss of balance, even though the large perturbations were too destabilizing for this strategy to succeed. In contrast, when falling backward, the cane was quickly unloaded after perturbation onset. During forward loss of balance, the axial cane load increased by Fig. 3 Effect of held-object task condition on frequency of handrail contact (touch or grip) with the right hand. Results are shown separately for trials involving forward loss of balance (backward platform translation) and backward loss of balance (forward platform translation). For each subject, the percentage of trials in which the handrail was contacted with the right hand was determined for each task condition and loss of balance direction. The graph depicts the mean percentage (and standard deviation) computed across subjects. Each bar is labelled according to whether an object was held in the right (R) or left (L) hand. Note the large reduction in frequency of rail contact that occurred when the right hand held an object (R canetop or R cane), in comparison to trials where the right hand was free (both hands free or L cane) (asterisk indicates the significant effect due to held-object task condition, p<0.05) Fig. 4A , B Video frames from representative backward loss-ofbalance trials illustrating the handrail grip that resulted when: A no object was held in the right hand (or the held object was fully released prior to contacting the rail), and B the held object (canetop) was only partially released prior to handrail contact more than 5% of body weight (relative to the preperturbation load) in 83% (160/193) of cane trials. The average increases were 16%, 20% and 14% of body weight in the unloaded-cane-right, preloaded-cane-right and preloaded-cane-left task conditions, respectively. In contrast, for backward loss of balance, a substantive increase in cane loading (>5% of body weight) occurred in only 4% (7/192) of trials, and the average increases for the unloaded-cane-right, preloaded-cane-right and preloaded-cane-left tasks were only 0.9%, 0.6% and 0.8% of body weight.
The failure to contact the handrail with the right hand definitely had consequences for balance recovery. Most commonly, during forward loss of balance, the subject either fell against the safety harness (harness loading >5% BW) or against the padded barriers (Fig. 6 ). This occurred in 78% (167/214) of trials where the right hand did not contact the rail. For backward loss of balance, the frequency was much lower: 29% (44/150). The consequence of failing to contact the rail, in terms of the frequency of falls against the harness or barriers, was not affected by the held-object task condition (F (4,44) =1.34, p=0.27); however, there was a significant effect due to fall direction (F (1,13) =12.3; p=0.004). When falling backward, subjects were often able to avoid falling against the harness or barriers, without using the right hand to touch or grasp the handrail, by adopting alternative balancerecovery strategies. These strategies most commonly involved rocking on the heels (raising the toes), stepping backward (kicking the barriers out of the way), or touching Fig. 6 Consequences of failing to contact the handrail with the right hand: percentage of no-rail-contact trials in which the subject fell against the safety harness and/or padded barriers surrounding the feet. Results are shown separately for trials involving forward and backward loss of balance. For each subject, the percentage of norail-contact trials in which a fall against the harness and/or barriers occurred was determined for each task condition and loss-of-balance direction. The graph depicts the mean percentage (and standard deviation) computed across subjects. Each bar is labelled according to whether an object was held in the right (R) or left (L) hand. Note that failure to contact the rail with the right hand commonly caused the subject to fall against the harness or barriers during forward loss of balance, independent of the held-object task condition. This occurred much less frequently during backward loss of balance, but again the results were similar across all held-object task conditions (asterisk indicates the significant effect due to direction, p<0.05) preloading of the cane. Note how the cane loading increases shortly after perturbation onset when falling forward. In contrast, the device is unloaded when falling backward Fig. 7 Reactions to forward loss of balance (evoked by backward platform translation). Example data from two representative trials from a single subject are shown: hands free (no held object) and canetop in right hand. The horizontal and vertical motion of a marker placed on the right wrist are shown (relative to the shoulder), along with the rectified EMG activity from the right biceps brachii and anterior deltoid muscles (canetop EMGs are shown inverted). Time zero indicates onset of perturbation. For the hands-free trial, the time of handrail contact is indicated on each trajectory. The hand did not contact the rail in the canetop trial. Note the large reduction in the early EMG activity (0-200 ms after perturbation onset) in the arm muscles in the no-contact (canetop) trial, and the accompanying decrease in motion of the wrist toward the rail or gripping the handrail or barriers with the left hand. Falls against the harness or barriers were apparently avoided through the use of these three maneuvers, either alone or in combination, in 48% (72/150), 11% (17/150) and 9% (14/150) of cases, respectively. When falling forward, alternative strategies were used much less frequently. The most common alternative strategies used to counter forward loss of balance involved a pronounced flexing at the hip (10%; 21/214) and/or contacting the rail with the left hand (9%; 20/214). In interpreting the harness loading data, it should be noted that the loading of the harness in trials involving substantial knee flexion may not actually represent a "fall", but instead could potentially be a consequence of using a "suspensory" strategy (Nashner and McCollum 1985) to increase stability by lowering the center of mass. There were, however, only a small number of no-rail-contact trials where the harness loading was associated with knee flexion (one trial involving forward loss of balance and 12 trials involving backward loss of balance).
Although no-rail-contact trials typically showed little evidence of any overt effort to reach toward the rail, early arm reactions were seldom completely inhibited (see example data in Fig. 7) . Typically, initiation of a compensatory grasping reaction is marked by pronounced activation of biceps within the first 200 ms after perturbation onset Maki 1994, 1995; Maki and McIlroy 1997; Maki et al. 1998) . In the present study, activation of right biceps was recorded within the first 200 ms after perturbation onset in 98% (639/640) of trials. However, the average amplitude of the early biceps activation within this time window was substantially reduced in the cane-right and canetop-right trials where handrail contact did not occur. To illustrate the attenuation of the muscle activation in these no-rail-contact trials, we compared them to the vigorous rail-contact reactions that predominated when the right hand was free (Fig. 8) . ANOVA revealed a statistically significant effect due to task condition on the mean biceps activation level (F (4,56) =10.8; p<0.0001). Multiple comparisons (p<0.05) confirmed that the mean amplitude was reduced (by 30-64%) when the right hand held either a cane or a canetop (no-rail-contact trials), relative to trials in which no object was held or the cane was held in the left hand (rail-contact trials).
Discussion
The results indicate that holding an object can have a profound effect on the control of upper-limb balance reactions. Most noteworthy was the finding that the influence of holding an object was not critically dependent on the task-or context-relevance of the object being held. Inhibition of grasping reactions was observed to occur whether the held object was relevant to the task of stabilizing the body (cane) or not (canetop). Although early arm reactions were seldom completely inhibited, the amplitude of the early biceps activation was reduced by 30-64%, and the frequency of handrail contact was reduced by a factor of two or more when holding either type of object, even though the consequence often involved falling against a safety harness or barriers. In many trials, complex strategies (e.g. partial release of the held object) were adopted to allow the hand to contact the rail without dropping the object. This apparent tendency of the CNS to give priority to the ongoing task of holding an object, even though it may have no stabilizing value and there is no cost for dropping it, seems remarkable given the potential consequences of failing to use the handrail (e.g. relying on a safety harness to prevent falling).
The nature of the held object and direction of the loss of balance did have some influence, in that there was a tendency to load the cane in an effort to recover balance when falling forward, and this loading appeared to lead to even greater inhibition of compensatory grasping. However, the cane was unloaded when falling backward and subjects still commonly persisted in holding the cane in these trials even though it had no stabilizing value in this situation. Furthermore, they held onto the canetop almost as frequently as the cane, even though holding the canetop could provide no benefit whatsoever. Prior activation of arm muscles, associated with loading the cane, did not seem to be an issue. Similar inhibition of compensatory grasping occurred regardless of whether or not the arm Fig. 8 Attenuation of early arm-muscle activation (average rectified EMG amplitude for right biceps brachii, determined over the 200-ms interval following perturbation onset). Trials in which the right hand contacted the handrail (both hands free, L cane tasks) are compared to trials in which the right hand did not contact the rail (R cane, R canetop tasks). The mean and standard deviation, computed across subjects and trials, are shown separately for trials involving forward and backward loss of balance. The data were normalized for each subject (by dividing by the mean amplitude) prior to averaging across subjects. Note the substantial reduction in early EMG amplitude that occurred in the trials where the rail was not contacted (R canetop or R cane tasks), in comparison to the railcontact trials (both hands free or L cane tasks) (asterisk indicates the significant effect due to held-object task condition, p<0.05). There also appeared to be a small reduction in the L cane task, relative to the hands-free task, but this was not statistically significant (p>0.05) was active in preloading the cane, prior to perturbation onset.
It seems clear that the task-related modulation of the grasping reactions was a consequence of the conflicting task demands imposed upon the use of the right hand. The task condition that involved holding and preloading the cane with the left hand was, in fact, included in the protocol to address the possibility that other factors might be responsible. In particular, we were concerned that the attentional demands and/or biomechanical factors associated with preloading the cane or attempting to use the cane to recover balance could, in itself, have potentially affected the initiation of compensatory grasping reactions. The fact that the frequency of handrail contact with the right hand was not reduced when holding and preloading the cane in the left hand (in comparison to hands-free trials) would argue against any significant effect due to the use of a cane per se. It was only when the cane (or canetop) was held in the right hand that the frequency of right-hand grasping reactions was reduced.
Even though there was a substantial reduction in the frequency of handrail-contact when holding an object in the right hand, it was clear that early arm reactions were not completely inhibited. Activation of right biceps almost always occurred within 200 ms of perturbation onset, in all task conditions. One possibility is that this early activation represents initiation of a grasping reaction that was subsequently aborted. Analogous task-dependent effects have been reported in regard to the lower limb, indicating that stepping reactions may be initiated (as reflected by preparatory changes in limb loading) but then aborted, prior to foot-lift, if the subject is given prior instruction to try to recover balance without stepping (Maki et al. 1993) . It is also possible that the early arm activation may constitute a stereotyped startle or protective response (Dietz and Noth 1978; Hsiao and Robinovitch 1998; Allum et al. 2002) , to which a grasping component may or may not be subsequently appended. There is, however, evidence from other studies that even the earliest arm activation evoked by postural perturbation is scaled in a highly task-specific manner, so as to direct the hand toward the nearest potential handhold, even when the movement to grasp the rail is not completed Maki 1994, 1995; Maki and McIlroy 1997) . We are currently performing a study aimed at providing a more complete understanding of the functional role of the earliest arm activation. In interpreting the present results, it should be cautioned that the EMG data could be confounded by other factors. Given the complex movements of the trunk and limbs that often accompanied efforts to recover balance without using the handrail, involvement of the right biceps in the execution of these movements cannot be ruled out. For cane-right trials, it is also possible that some of the activation was associated with loading or lifting the cane, and not necessarily related to initiation of grasping. Involvement of the right biceps in these other types of activities would tend to mask any attenuation of grasping-related activation, yet we were able to demonstrate a significant task-related attenuation despite these potential confounding effects. If anything, the present EMG results underestimate the level of inhibition of the grasping reaction that is caused by holding an object in the hand.
One might argue that inhibition of grasping when holding an object would not have occurred to the same extent if the consequences of failing to use the handrail were more severe, i.e. if there was the possibility of falling all the way to the floor and sustaining a serious injury. Given the large magnitude of perturbations used in the present study, ethical and safety concerns required that we use a harness and padding to avoid any risk of injury. Previous studies, involving unperturbed stance or reactions to much smaller perturbations, have demonstrated that some aspects of postural behavior (e.g. leaning, postural sway, ankle stiffness) are, in fact, altered when the perceived risks are increased (i.e. when standing near the edge of a raised platform) (Brown and Frank 1997; Carpenter et al. 2001) , but the effect of fear, anxiety or arousal on grasping reactions has not been studied. There is actually some evidence, from video recordings of naturally occurring falls in older adults (Holliday et al. 1990) , to support the current finding that the task of holding the object tends to take priority over initiation of arm reactions. These video recordings include several examples of falls where the individual continued to hold onto an object while falling (held objects included canes, walkers and handbags). In some cases, the act of holding onto the object potentially prevented the individual from grabbing or touching nearby structures for support or using the arms to protect the head and body during the impact with the ground.
Even if the risk of injury was minimal in the present study, it does seem remarkable that the subjects would often go to such extraordinary lengths to avoid dropping the held object, given that there was no obvious penalty or cost associated with dropping it. Although they commonly used the handrail to aid in balance recovery when the right hand was free, this was avoided in the majority of trials when holding an object in the right hand. Instead, the subjects allowed themselves to fall against the safety harness or padded barriers, or adopted strategies such as reaching across the body and grasping the handrail with the left hand. To allow the handrail to be contacted without dropping the object, they commonly adopted the complex strategy of partially releasing the grip on the object (freeing one to three fingers but continuing to hold the object in a pinch grip between the thumb and index finger). Subjects were given no indication that it was important not to drop the cane or canetop, but instead were simply encouraged to do whatever came naturally to recover balance (other than stepping). If and when the object was dropped, it would simply fall against the padded barriers that surrounded the feet, so there was little risk of injuring the lower limbs or damaging the object. To determine whether subjects had somehow inferred that they were not supposed to drop the object, we administered a short debriefing questionnaire at the end of the session. Although four of the 16 subjects did infer that they "were supposed to hold onto the cane or canetop", the majority either reported that they understood that they were "free to respond in any way" (n=8) or that they "did not think about it" (n=4).
Few previous studies have examined the effect of conflicts between volitional motor activity and postural reactions triggered by external perturbation. To our knowledge, the only such studies have investigated control of lower-limb reactions. Nashner and Cordo (1981) performed a study in which subjects were instructed to execute a reaction-time voluntary movement (swaying forward or backward, or shifting body weight onto one leg) and also had to respond to platform perturbations. When the command for volitional movement was issued while postural equilibrium was being disturbed, the volitional movements were always delayed so that the triggered postural reaction occurred first. Stelmach et al. (1990) found that postural reactions evoked at the ankle by platform perturbation during volitional swaying movements were not delayed or inhibited but were modulated (either up-regulated or down-regulated) to accommodate for the direction of the swaying movement. In a study where the volitional movement involved stepping movements (walking in place), Quant et al. (2001) found that compensatory stepping reactions evoked by large platform perturbations were not inhibited but were actually initiated more rapidly during ongoing movement, in comparison to static stance. In contrast to the inhibition of grasping reactions observed in the present study, the results from these lower-limb studies would appear to suggest that postural reactions in the lower limb take precedence over volitional lower-limb motor activity. Such differences may reflect the more fundamental role played by the lower limb in balance control and perhaps a higher degree of automaticity in the lower-limb postural reactions.
It will be important, in future studies, to determine whether the task of holding an object leads to similar, or even greater, inhibition of compensatory grasping reactions in older adults. As mentioned earlier, many older adults appear to be more dependent than the young on using the arms to maintain balance Maki and McIlroy 1997; Maki et al. 2000) . Furthermore, it appears, from the cognitive neuroscience literature, that aging tends to be associated with an impaired ability to inhibit and redirect attention (McDowd 1997) . This combination of factors-an increased reliance on grasping structures for support and an impaired ability to inhibit the ongoing activity of holding an object-could well elevate the risk of falling for older adults. Carrying any type of object could increase the risk. Even holding an assistive device such as a cane could jeopardize stability if the individual was unable to use the device to generate sufficient stabilizing hand-reaction force to recover equilibrium. Although further study with older populations is clearly needed, the present findings do add to the growing body of evidence that use of mobility aids can potentially increase risk of falling in certain situations (Morse et al. 1987; Wright and Kemp 1992; Mann et al. 1995a Mann et al. , 1995b Bateni et al. 2003a Bateni et al. , 2003b Bateni and Maki 2004) , and may well have implications for clinical falls prevention programs.
Conclusion
The present results reveal a rather remarkable tendency for the CNS to persist in the ongoing task of holding an object, and to give priority to this task over the execution of upper-limb balancing reactions. Subjects commonly persisted in holding the object even when it provided no benefit, there was no penalty or cost associated with dropping it and the consequence was to fall against a safety harness or padded barriers. These findings contrast prior work involving lower-limb balancing reactions in which the postural reactions appear to take precedence over competing volitional movement, suggesting that the neural control of the compensatory grasping reactions may allow for a higher degree of central modulation. Given the functional importance of upper-limb balancing reactions, particularly in older adults, the present findings may well have implications for clinical practice and fall prevention programs.
